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openaccess@tue.nl providing details and we will investigate your claim. The underlying principle of atom lithography is the interaction of a light field with the electrical dipole it induces in atoms. For a light mask to provide a large deflective force, its frequency must be chosen close to an atomic resonance. This technique was first applied to a Na beam, 4 which is relatively easy to manipulate optically, but technologically of little value. A major step forward was the application of atom lithography to Cr. 5 Since then, Al 6 has been used, and experiments are under way on Si 7 and various group III elements. 8 The main limiting factor in the application of atom lithography to new materials is the availability of sufficiently stable and powerful continuous wave lasers at the required wavelengths. This letter reports on the application of this technique to a ferromagnetic element. 9 Regular arrays of ferromagnetic lines or dots are of considerable interest for nanomagnetic and spintronic research. 10 The relevant optical properties of the three ferromagnetic transition metals are shown in Table  I . As can be seen, the wavelengths of all transitions are in the near UV range. Due to the large number of hyperfine states, and the awkward wavelength of the transition, cobalt can be ruled out as a candidate element. Both Fe and Ni are suitable for atom lithography. We opt for using Fe in our experiment as its saturation magnetization is greater.
For optimal structure resolution, it is essential that Fe nanostructures be deposited using a well-collimated atom beam. This collimation can be achieved by aperturing, which would result in dramatic flux losses, or by laser cooling. Laser cooling 12 has the potential to dramatically increase the brightness of an atomic beam, in addition to collimating it. It does, however, require atoms to scatter a large number of photons. In practice, this means that the cooling transition has to be closed. In the case of Fe, there is a small, but significant, leak in the 5 D 4 -5 F 5 transition, limiting the laser cooling efficiency that can be achieved. Figure 1 shows the level scheme of Fe, including leak rates. As can be seen, the dominant leak has a wavelength of 501 nm. Closing only this leak would reduce the leak rate from 1:243 to 1:1398. We do not implement such a repumping scheme at present.
Our experimental setup is shown schematically in Fig. 2 . Fe atoms from a source described elsewhere 13 are laser cooled by nearly resonant laser light. The source was operated in effusive mode, using a 1 mm nozzle at 1920 K. The laser system (not shown) is based on a Ti:sapphire laser producing up to 2 W of light at 744 nm. This light is coupled into a ring cavity, where it is frequency doubled by a nonlinear LBO crystal. The frequency of the laser light is stabilized using a hollow cathode discharge. 14 The atom beam that impinges on the sample typically has a divergence of 1.5 mrad half width at half maximum (HWHM). Laser cooling reduces this divergence to around 0.2 mrad HWHM, good enough for atom lithography. Due to the leak, the flux of atoms in the atomic ground state is only increased by a factor 1.8.
The collimated atom beam is subjected to the simplest light mask possible-a one-dimensional standing wave. The dipole potential generated by the standing light wave of intensity I͑r͒ acting on a two-level atom can be written as a)
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under the assumption that spontaneous emission does not occur. 15 Here, ⌫ is the natural linewidth, ␦ the detuning, and I s is the saturation intensity of the transition ( Table I ). The plus sign applies for blue detuning, the minus sign for red detuned standing waves. As our standing wave is a Gaussian beam that reflects off a dielectric mirror, we can use
with w the beam waist radius, and P the traveling wave power. Assuming the atoms travel in the z direction, they "see" only one period of the standing wave. Taylor expansion of the potential around the minimum then yields a harmonic oscillator potential, which acts as a lens on the atoms. The atoms thus get focused toward the potential minima. For ease of alignment, it is prefererable to focus the atoms in the center of the light mask as seen along the atoms' propagation direction. The optimum laser beam power for a such a circular Gaussian lens array can be evaluated numerically for a two-level atom: 16 P f = 5.37
where E kin is the kinetic energy of the atoms being focused, and k the wave number of the laser light. For Fe, after correction for the Zeeman sublevel structure of the transition, this power is Ϸ13 mW at a detuning of 150 MHz.
In our experiment, we use an AOM to detune part of the laser light by 150 MHz ͑Ϸ58 ⌫͒. The light mask is created by focusing a circular w = 0.85± 0.05 mm laser beam using an antireflection coated lens of focal length 200 mm. Gaussian beam optics predicts a beam radius in the focus of 30 m; we measured 45± 1 m using a 10 m slit. The running wave power in the light mask is 10 mW. All relevant angles in the experiment were aligned to within 0.5 mrad.
The sample holder is made of a single piece of stainless steel. Rigidly clamping both the substrate and the mirror that creates the light mask to this piece of stainless steel ensures optimum stability of the substrate with respect to the standing wave. The main source of variation in this alignmentand thus of blurring in the structures deposited-is thermal expansion of the substrate during deposition. 17 Our sample holder design includes a Macor spacer block between the sample and the sample holder to provide electrical isolation, allowing the sample to be put on high voltage. This enables e-beam bakeout of conducting substrates. Presently, our substrate consists of a piece of monocrystalline Si[100] wafer with the native oxide layer still intact. We used ethanol to rinse the sample prior to installing it in the vacuum system, but applied no further cleaning. We do not actively stabilize the temperature of the sample.
An AFM scan of the nanostructures that were created in this initial deposition experiment is shown in Fig. 3 . The period of the nanostructures was determined by comparison with nanostructures created using metastable He atom lithography, 18 with a period of 542 nm. Using this reference sample, we found a period of 189± 4 nm, in agreement with the nominal value of 186.05 nm. On the same length scale, the width of the lines was 55± 5 nm. The height of the structures was relatively low, about 0.6 nm at an exposure to approximately 5 nm of Fe flux. We attribute this poor contrast ratio to three distinct effects. First, in the case of thermally evaporated Fe, only around 50% of the atoms is in the electronic ground state. All other atoms do not interact with any of the light fields involved. Second, laser cooling on the leaky transition causes the loss of a significant fraction of the atoms, which also contributes to the high background flux. Finally, even in a perfectly collimated beam in which all atoms respond to the light field, there will be atoms that impinge well outside the potential minima, causing an additional background term that is always present in direct-write atom lithography. We hope to improve the beam flux greatly by installing a two-dimensional laser cooling section and by using a higher-temperature evaporation source. Given the relatively narrow structure widths obtained, we do not expect surface diffusion to play an important role in the poor contrast of the structures.
In conclusion, this letter reports on a periodic array of ferromagnetic Fe nanostructures using atom lithography, and demonstrates the applicability of the technique to magnetic materials. In the future, we will improve the quality of the nanostructure deposition process, and investigate their magnetic properties. We are presently working to increase the Fe flux of the source. Furthermore, an evaporation source has been installed that will allow us to cover the Fe nanostructures with a thin Ag film to prevent corrosion and oxidation, and the concurrent loss of magnetic order. We are also exploring two further options to improve the contrast ratio: first, using a repumper laser to reduce the influence of the leak; and second, transferring the atoms from the ground state into a low-lying metastable state from which a closed transition is available. Either option will drastically increase the usable flux of Fe atoms. The latter will also allow us to physically separate the atoms in the correct state from the background atoms.
This work is financially supported by the Dutch Foundation for Fundamental Research on Matter (FOM). The authors would also like to thank the VU Amsterdam for the use of one of its samples. 
